Abstract: Sorption could be a way to concentrate nutrients in diluted waste streams to bring more nutrients back to agriculture. However, the sorbed nutrients must be plant available. The aim of this work was to investigate how plant available nitrogen (N) added sorbed to zeolite and is compared to conventionally added N. First, 15 N labelled ammonium was sorbed to a sorbent, zeolite, in an aqueous solution. Then, the fertilizer effect was compared to the ammonium fertilizer and added the conventional way, with and without zeolite. A pot experiment with two soil types (chernozem and sandy soil) and wheat as test crop was used. Results indicated that the fertilizer effect of sorbed ammonium in the first growth cycle is about 50% of ammonium added conventionally. The sorbent itself had a positive effect in sandy soil, but not in chernozem. N uptake without added N was higher in chernozem than in sandy soil and more N from fertilizer was left in the soil after the experiment in the chernozem than in the sandy soil. In conclusion, ammonium added sorbed is plant available to some extent, but less so than conventionally added ammonium.
Introduction
To develop a circular economy, reduce greenhouse gas emissions, energy use, and resource mining, nutrients in waste streams should be recovered and brought back to agriculture to replace mineral fertilizers as much as possible [1] . Many waste streams contain diluted nutrients (e.g., sewage, digestate from biogas production, animal manure, and other agricultural waste streams and various waste streams from industry and food processing). These nutrients should ideally be returned to agriculture, but there are several obstacles to this [2] , such as high water content making transport expensive. Some water can be removed by dewatering, but most of the soluble and plant available nutrients will be found in the liquid phase. Many waste streams contain nitrogen (N) as an ammonium that is easily lost as ammonia during handling. Fixing as much as possible ammonium and get in the dry fraction is therefore a priority as well.
Sorption processes are widely used to remove pollutants from wastewaters (see: Crini and Badot) [3] . Examples of widely used sorbents are activated carbon, other charred materials, some minerals like zeolite, and clay like minerals (e.g., bentonite, vermiculite). It is possible to use some sorbents to remove nutrients from liquid waste streams. Cation exchange is the most common and removal of ammonium has been reported by many authors [4] [5] [6] [7] [8] [9] [10] , although there is only one report on ammonia removal from the gas phase [11] . The sorbtion of ammonium is known to be strong and thermally stable [12, 13] .
Sorption processes are also important in nature, i.e., in soils. Soils can be regarded as weak cation exchangers and there are more cation exchange sites (cation exchange capacity) in clay soils than in sandy soil; organic matter also increases cation exchange capacity. As nutrient retention in soil is mostly sorption, soils may be improved by adding sorbents. This is particularly true for light sandy soil that have few sorption sites. The most commonly suggested candidate is biochar and there is a lot of literature on this subject. Biochar have been promoted as soil amendments that in addition to sequester carbon (C) could have some agronomic advantages when applied to soil [14] [15] [16] [17] [18] [19] . Most of the beneficial effects of biochar in soil are probably related to sorption properties [14] , mainly through cation exchange capacity [20] . Biochar has also been found to have the strongest effect on light-textured soil [21] . There are also some (less extensive) researches that deal with the additions of other sorbents to soil. Bentonite has been applied as a soil amendment and appears to have beneficial effects on soil structure in light soils [22] and improve crop yield [23] . It has also been shown to change enzyme activities in soil [24] . However, bentonite appears to bind some water, and this can be harmful for crop growth in dry climates when not irrigated. Zeolite has also been tried as a soil amendment [25] . The results suggest that zeolite additions increase nutrient retention and can change soil water holding capacity, infiltration rate, and hydraulic conductivity, although the direction of change depends on soil and zeolite properties.
One way to concentrate nutrients in wastewater and waste with high water content would be to sorb it to cheap and abundant sorbents before dewatering [5, 6] . The sorbent loaded with nutrients can then be applied to agricultural soils as fertilizer [26] . However, there are few studies to characterize the availability of sorbed nutrients to support plant growth. Ammonium sorbed to zeolite was shown to be a good slow release fertilizer for kale [27] and spinach [28] , but uptake was not quantified in those studies. Perrin et al. [29] found higher uptake of ammonium added sorbed than conventionally in a field experiment with maize. Sorbed gaseous ammonia [11] has been shown to be plant available [30] , but this study did not compare the availability of the sorbed N to that applied in the conventional way. That is done in this study, where we use 15 N as a tracer to compare plant availability of ammonium added sorbed to zeolite with ammonium applied using the conventional method in two different soil types (chernozem and sandy).
Materials and Methods

Soil and Zeolite
Two soil types, one chernozem and one sandy soil, were used in the experiment. Both soil types were collected in May 2016. The chernozem was collected in Tiszavasvari (21 • 24 36 .01 E, 47 • 57 47.94 N). The sandy soil was collected in an arable field of Nyiregyhaza (21 • 42 08.57 E, 47 • 59 13.71 N), in Hungary. On the chernozem rape seed was grown and the previous winter wheat was sown. On the sandy soil red millet was sown in 2016, while oat was grown in the previous year. Both sites were plowed; fertilizer was applied as recommended each year. Results of analysis of both soils (using Eurofins standard methods) are given in Table S1 .
The zeolite was of the Mahdi type, specific surface area (BET method) 33.14 m 2 g −1 , composed of Montmorillonite (30-45%), Varco (30-40%), kaolinite (10-15%), Feldspar (3-7%), and Calcite (1-2%). Element concentration was measured by X-ray fluorescence (weight %): O 65.6 ± 1.8, Si 25.5 ± 1.4, Al 4.1 ± 1.1, Fe 1.1 ± 0.4, K 2.6 ± 0.9, Ca 0.9 ± 0.3, and Mg 0.2 ± 0.07.
Zeolite and Labelled N
15 N labelled ammonium sulfate was used. Solutions of 1 g L −1 5% labelled ammonium sulfate were prepared and 16 g L −1 zeolite was added. The solution was stirred for 100 h and the amount of sorbed was assessed by measuring the remaining concentration in the solution using an electrode Thermo Scientific Orion model 9300BNWP (93 Series) and its reference ion selective electrode (ISE) 900,200 Sure-Flow D/J ® coupled to a Thermo Scientific Orion STAR SERIES pH/ISE-meter (ThermFisher Scientific, Waltham, MA, USA). The zeolite with sorbed ammonium was filtered by vacuum filtration at −450 mbar using filter paper with a particle retention of 12-15 µm and dried. It was found that the sorption capacity was 18.16 mg NH 4 + -N g −1 zeolite. This was used to calculate the amounts of zeolite to add to the treatments with zeolite in the plant growth trial.
Growth Trials and Treatments
The treatments were: no added N (0N), N added sorbed to zeolite as described (Nsorb), same amount of N and zeolite added, but just mixed (N+zeo), and same amount of N, but no zeolite (N). The amounts were 0.2 g N to all pots receiving N fertilizer and 11.67 g zeolite to all pots receiving zeolite (Nsorb and N+zeo). All pots received 0.6 g K 2 SO 4 and 0.25 g KH 2 PO 4 as fertilizer in addition to any N treatment. Amounts of N, P, and K added were based on NIBIO recommendation in fertilizer handbook [31] All treatments were repeated on both soil types and there were three replicates. As a test plant, wheat (variety "Bjarne") was used for the experiment. The pot size was 2 L. Thirteen seeds were sown in each pot, thinned to 10 shortly after germination. Pots were watered to maintain water content between half field capacity and full field capacity. The temperature in the greenhouse was kept at or above 20/12 • C day/night and 16 h day.
Plants were allowed to grow until after ear emergence (52 days). Then aboveground plants were harvested and plant material was dried at 70 • C and weighed. Soils were sampled from each pot and air dried for analysis of total N and 15 N signature. In addition, samples were taken from each soil before growth.
Analyses
Dry plant and soil samples were grinded to a fine powder and subsamples were weighed for analysis of total N and C and 15 N signature. Total N and C was measured on CHN analyzer (Elementar Vario EL with TCD decetor, Langenselbold, Germany). 15 N signature was measured in UC Davis' Stable Isotope Laboratory. Isotope ratio in plant and soil samples were measured directly on grinded samples.
Calculations and Statistics
N recovery was calculated using a mixing model based on 5% label in added fertilizer N and meausured natural abundance values in unlabelled plant and soil. Mineral fertilizer equivalent (MFE) for the N + zeo and Nsorb treatments were calculated based on 15 N uptake and the N only treatment as 100% for each soil type.
The statistics was done with a minitab v15, and 5% was used as the significance level. One-and two-way ANOVA's were applied to compare treatments. The treatment with no N was excluded from these analyses as the aim was to compare different ways of adding N. Individual treatments were also compared using post hoc tests and t-tests, when appropriate. Figure 1 shows biomass and N uptake. In the sandy soil, the treatment with N sorbed to zeolite had significantly less biomass than the treatment where N and zeolite were both added without sorption; it was the treatment that did best overall. In addition, all were significantly different from the treatment without any N added. In the chernozem, the treatment with N sorbed to zeolite had significantly less biomass than both the other treatments that received N, with and without zeolite. The treatment with N added sorbed to zeolite was not even significantly different from the no N treatment. N uptake showed a similar pattern to biomass (Figure 1 
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N Uptake from Soil and Fertilizer
Lower N uptake from fertilizer in no N and Nsorb was not compensated by a higher uptake from soil ( Figure 2 ). The 0N treatment took up less N from soil as well than the treatments that received fertilizer with N as well. There was a significant effect of both soil types and treatment with the addition of N on N uptake, but the interaction was not significant (p = 0.067). Of the fertilizer treatments, it was the treatment with N added sorbed that had a lower uptake from fertilizer than the other treatments that received N.
Uptake from soil and fertilizers were also assessed separately, based on the 15 N signature. There was a significant effect of both soil type and fertilizer addition treatment on uptake from soil and also a significant interaction. Only fertilizer addition treatment had a significant effect on uptake from fertilizer, but neither the effect of soil nor the interaction was significant. The total recovery of 15 N in plant shoot was above or around 50% when N was added not sorbed and around 25% when it was added sorbed (Table 1 ). In both cases it was somewhat higher in the sandy soil than the chernozem. Figure 2 . N uptake from soil and fertilizer was calculated using the 15 N signature data for chernozem (A) and sandy soil (B). 0N: no Nitrogen; N: N fertilizer; N fertilizer with zeolite without sorption; N sorbed to zeolite. Letters show significant differences. MFE measures what percent of the N uptake was from fertilizer in each treatment compared to that with conventional N application. MFE of the sorbed N was around 50%, which was somewhat higher in the sandy soil than in the chernozem ( Table 1 ). The MFE of N and zeolite was above a 100% showing that zeolite in itself had a positive effect, again higher in the sandy soil (Table 1) .
Soil N
The total N and C content in the soil changed very little during the experiment (data not shown), but a much larger fraction of the added fertilizer was found in the chernozem than the sandy soil at the end of the experiment (Figure 3) . Only a small fraction of the N found in the soils at the end of the experiment was derived from the added fertilizer, but this fraction was much larger in the chernozem than in the sandy soil (Figure 3 ). In the sandy soil, only negligible amounts of N from fertilizer in all treatments was left at the end of the experiment. There was a significant effect of soil type and not of N addition and the interaction between them was significant. In the chernozem, there was a tendency towards a smaller fraction found in the soil when N was added sorbed, in the sandy soil the opposite tendency was found (Figure 3 ). In the sandy soil, effectively all N from fertilizer was used up except in the treatment where N was sorbed (Figure 3) . nomy 2019, 9, x FOR PEER REVIEW Figure 3 . Fraction of the total N in the soil that originated from the added fertilize calculated from 15 N signature. Error bars are standard deviation (n = 3). 0N: no Nitrogen N: N fertilizer; N fertilizer with zeolite without sorption; N sorbed to zeolite. iscussion Nitrogen sorbed to zeolite was less plant available than N added as a fertilizer without sor reason may be that some of the ammonium was tightly bound inside the zeolite. The only s y known to us was done by Taghizadeh-Toosi et al. [30] , where labelled gaseous ammon ed to biochar and it was found that labelled N was recovered in the plant. Furthermore, y, labelled N was recovered in the plant, but the recovery was only about half of that found as applied the conventional way. Taghizadeh-Toosi et al. [30] found recovery rates in the 0.9-26.1%. We found recovery rates of the sorbed N within that range as well (24.8-26.2% ). icult to compare those figures directly, as different plant species and ages were used. How parison of plant uptake from sorbents with different sorption properties would be inter other study has looked at desorption of nutrients from wastewater in soils without plan e, it was found that the sorbent (clinoptilolites) released ammonium (and other ions) slowl 
Discussion
Nitrogen sorbed to zeolite was less plant available than N added as a fertilizer without sorption. The reason may be that some of the ammonium was tightly bound inside the zeolite. The only similar study known to us was done by Taghizadeh-Toosi et al. [30] , where labelled gaseous ammonia was sorbed to biochar and it was found that labelled N was recovered in the plant. Furthermore, in our study, labelled N was recovered in the plant, but the recovery was only about half of that found when N was applied the conventional way. Taghizadeh-Toosi et al. [30] found recovery rates in the shoot of 10.9-26.1%. We found recovery rates of the sorbed N within that range as well (24.8-26.2% ). It was difficult to compare those figures directly, as different plant species and ages were used. However, comparison of plant uptake from sorbents with different sorption properties would be interesting. One other study has looked at desorption of nutrients from wastewater in soils without plants [26] . Here, it was found that the sorbent (clinoptilolites) released ammonium (and other ions) slowly over many watering cycles. The fraction of added ammonium released was not quantified. As this was a pot experiment, losses by leaching were excluded. However, Perrin et al. [29] found higher N uptake when N was added sorbed to zeolite than when added conventionally in a field experiment, not a pot experiment such as ours. The reason for this was probably lower leaching losses. This study also used maize, which takes up more N later in the growth cycle than wheat, where the slow release nature of the sorbed N could be more beneficial for crops with a longer period of nutrient uptake. Our experiment was a pot experiment and there were no leaching losses.
Zeolite in itself had a positive effect on growth and N uptake in the sandy soil, but not in the chernozem. Previous field experiments have indicated that additions of bentonites can have positive effects in sandy soil [22, 23] . Chernozem has many sorption sites, and therefore it is not surprising that addition of sorbent had no effect there. There may be many mechanisms for how sorption can improve plant growth. Leaching has already been discussed, but it is not the mechanism here, as there were no leaching losses. Reduced gaseous losses is another possible mechanism.
Plants did not compensate for lower or no uptake from fertilizer by taking up more N from the soil; in fact, the opposite tendency was observed. This may indicate that reduced growth and vigor caused by N starvation may lead to a lower capacity for uptake. N starved plants may also put a larger fraction in belowground parts [32] [33] [34] and these were not quantified in this study. The results of the N uptake (Figure 2) showed that the MFE values were independent from the soil type but that the form of the added nutrient had a significant effect on it.
Some of the N from fertilizer was found in the chernozem at the end of the experiment, whilst this was negligible in the sandy soil. This may indicate that soils rich in organic matter have faster nutrient cycling and may therefore be better able to supply the plant with nutrients when it needs it, as well as taking N up in microbial biomass [35] . The sandy soil depends more on added N and it cannot be retained in the soil. The fact that some of the sorbed N from fertilizer was found also in the sandy soil at the end of the experiment but not in the other treatments further supported the conclusion that some of the N added sorbed was unavailable to plants in the studied early periods. In the chernozem, the lower uptake of sorbed N was not compensated by higher retention in soil and this may indicate that gaseous losses may have been higher in this soil. The chernozem has both higher organic matter content and somewhat higher pH than the sandy soil, both of which promote microbial activity and nitrification. The addition of zeolite to the soil could have effect on microbial biomass and activity. He et al. [36] found only a small effect when only zeolite was added, but a large effect when also a carbon source (cellulose) was added, supporting that there is an interaction between carbon content and zeolite effect on microbial growth.
Conclusions
The results indicate that not all N added sorbed to the zeolite was available to the plants, at least not in the first growth cycle. Our data suggested that some of the N was tightly bound to (or inside) the sorbent that the plant cannot access it. We think this is the first study to compare plant availability of ammonium added sorbed to ammonium added conventionally. Further research should aim to elucidate how plant availability depends on sorption parameters (capacity, kinetics, and isotherms) and surface properties to try to identify sorbents that can both sorb nutrients efficiently from wastewater and release them when plants need them.
